The effect of varying spectrum on PV output is often underestimated in the case of amorphous silicon photovoltaic devices. This paper gives an indication of the order of magnitude of the seasonal variation of the useful irradiance in a maritime climate and also shows that this will involve a direct change in efficiency. This can be expected to be in the range of 15 percent around the annual average, thus explaining the seasonal performance. The spectral effects are investigated by distinguishing between a primary and a secondary effect. The primary effect is dependent on the availability of useful spectral irradiance wflile the secondary effect depends also on the spectral composition of the light in the useful range. It is shown that the secondary effect is especially significant for double junction devices.
INTRODUCTION
Amorphous silicon (a-Si) photovoltaic arrays are often shown to have a very good performance ratio. This high kWh per kW, is attributed to the seasonal performance pattern of these devices. Contrary to other devices, a-Si devices perform belter in summer than in winter. This can be attributed either to seasonal annealing of the Staebler Wronski effect or to spectral effects. The importance of either effect will be location dependent. However, the spectrum is known to have a significant influence at all locations. For Loughborough, UK, we found that we can, based on an investigation of the available spectral irradiation, attribute the seasonal variation nearly exclusively to spectral effects [I] .
Spectral effects occur since the spectrum experienced by devices during outdoor operation is not the AM1.5 spectrum normally used for indoor calibration. In tral effect in what follows. Having removed this. there is a further effect that depends aim on the spectral composition of the irradiance received in the useful range. This effect is termed the secondary spectral effect.
EXPERIMENTAL ARRANGEMENT
In order to enable an investigation of spectral effects. a comprehensive measurement system has been set-up at the Centre for Renewable Energy Systems Technology (CREST). The system combines data from a custom made spectroradiometer. two Kipp8Zonen CM1 1 pyranometers, and the I-V characteristic and temperature of the measured devices. The I-V characteristic is measured using a switching circuit developed in-house to access the different devices, the actual scanning is performed using a Keithley 2420 source-measure unit (SMU) through a 4 wire connection. Measurements were carried out every 10 minutes, and consist of the incident spectral irradiance in the range from 300 nm to 1700, the standard environmental data and the device measurements. The environmental data (including spectral information) has been recorded since May 1998. In the following, the difference in considering the spectrally useful irradiance and the total energy in the incident spectra is investigated. In order to avoid confusion with global irradiance (i.e. the sum of beam, diffuse and albedo), the latter is termed total irradiance.
The measurements presented in this paper were taken in the period from October 1999 to March 2000 using single and double junction devices. The devices are identical in their dimensions, the only difference is the number of junctions. These devices were sealed at CREST and installed in the outdoor measurement system. Measurements with less than 10 W/m2 were neglected, as there was a significant noise in the spectroradiometer measurements for these low intensities. Some noise could not be avoided, as the scanning of the spectral range takes about 2 min. This was minimised by analysing the measurements taken at the beginning and the end of the I-V scans of all devices (including those not analysed here) and time points with scatter of more than 5% in these measurements were rejected.
USEFUL FRACTION
It is necessary to have a measure of 'blueness' of the light for the analysis of the measurements. It was found useful to define a useful fraction (UF) as the energy in the useful range of the device to the total energy in the incident irradiance. This works well for devices with a limited spectral response. such as a-Si devices. The useful range for a-Si is taken throughout this paper to be 300-780 nm, as supported by the literature [3] . The maximal wavelength considered for the calculation of the total irradiance is, due to the limitations of the spectroradiometer, 1700
nm. This measure has a direct wrrelation with the performance of a device. It also can be used for monthly energy sums, as done in Fig. 1 . to investigate the expected seasonal variation of device performance.
It is apparent from Fig. 1 that there is a clear variation of the useful fraction in the murse of a year. It varies +6% to -9% with respect to the average of ail measurements between summer and winter time respectively. This is sufficient to explain the seasonal variations reported foraSi. This effect will occur whenever the spectral response of the device monitoring the incident irradiance and the device actually monitored is not matched.
RESULTS AND DISCUSSION
The variation of the incident spectrum will affect the device, as illustrated using the example of the short circuit current of a single junction device in Fig. 2 . When simply dividing the short circuit current by the total irradiance as measured with the pyranometer and plotting versus the irradiance. a functional relationship seems to exist.
The reduction in scatter at higher irradiances in Fig.  2 . Is expected, as these typically occur in low air mass, low cloud cover conditions. Thus no larger spectral variation is expected. The spectral variations towards lower irradiances are much more significant, as these can be due to higher air mass of the incident irradiance or higher cloud cover. The first will alter the UF towards the red end of the spectrum while the latter causes a shifl towards the blue end of the spectrum. This effect can be removed by using the spectrally useful irradiance for the calculation of 0-7803-7471-1/02/$17.00 02002 IEEE the Isc over G ratio, as done in all the following plots. We term this effect the primary spectral effect. as it depends on the availability of spectrally useful irradiance. All values will be presented with respect to the average of all measurements, as this shows the variation more clearly. Plotting these normalised values against the useful fraction allow an analysis of the importance of the spectral composition on the device performance. This effect is termed the secondary spectral effect. The spectral effects are most noticeable at short circuit conditions. The data is presented in Fig. 3 for a single junction device and a double junction device in the upper and lower plots respectively. Only one in ten points was plotted in order to make the fitted function visible. The single junction device Is described well with a linear correlation. There is only a minor secondary spectral effect, which is mainly noticeable for very red and very blue spectra. The double junction, on the other hand, cannot be described so easily with a linear fit, a fourth order polyncinial was used here instead. This was done purely because an increaseldecrease in the order did not affect the correlation coefficient significantly. It is apparent that the secondary effect is more pronounced for a double junction. This could be expected, as the cell is optimised for AM1.5 spectra, which corresponds to a UF of 0.64. The cells in a stack are connected in series and, according to Kirchhoffs law, the current in a series connection must be identical. Thus the maximum for mid range UFs is explained as well as the reduction towards the red and the blue end of the UF. The effect of the spectrum is also visible for the current at the maximum power point IMPPI as shown in Fig. 4. . . ....
The behaviour of the FF shown in Fig. 5 also indicates a further difference between single and double junction devices. The single junction appears to exhibit an increase in FF with increasing blueness of the light (when neglecting the increased scatter for mid range UFs), while the double junction exhibits a reduction in the FF. There is a noticeable effect. but ii is by no means as pronounced as reported by Rijther et ai. (41. This could be due to the use of different materials, however.
The FF is defined as IyppVMppVoc~'IsC.', thus the effect on the current should ameliorate itself to a large extent. The remaining effect should then be due to the voltages, as indeed depicted in Fig. 6 , where the ratio of these voltages in investigated. as there is no apparent way to investigate these directly. . ? 6nI
The effect of the spectral variations on l~p p exhibits a small increase in scatter at UFs around 0.58. Here other environmental effects begin to appear. The double junction. which exhibits a much more stable performance during this experiment 111, does not show these effects to a significant extent. These additional effects are the magnitude of the irradiance. the operating temperature and the age of the device. Choosing winter months helps to reduce the influence degradatiodrecovery of StaebierWmnski degradation, but does not exclude this wmpletely. The shape of the dependence on the blueness of the light is very similar to the short circuit current.
There are further influences of the spectrum on the performance of a-Si devices. The RI1 factor FF is plotted versus the blueness in Fig. 5 . The increase of scatter for mid-range UFs is due to progressing degradation and thus is stronger for single junctions than for double junctions.
The effect of other environmental factors is much stronger for the FF, as any degradation in the shunt or series resistance and the lifetime of the charge carriers will affect the voltages as well as the currents and thus a stronger effect is observed. UF r4- The ratios for the single and the double junction d e vice show a similar functional relationship as the FF. Again, there is a significant increase in scatter for mid range conditions and as explained above, the variation of other environmental factors is higher in this region. It is interesting to note that the double junction exhibits a slight reduction in the generated voltage ratios for bluer light, while the single junction exhibits a slight increase.
Having investigated all parameters separately, it is logical to investigate the variation of the efficiency with blueness of the light as done in Fig. 7 .
The efficiency variation of a single junction does not show a strong functional relationship with blueness of the light. This can be expected. as there should not be a significant secondary spectral effect for these devices. The primafy effect is removed by using the spectrally useful irradiance for the calculation of the efficiency. In contrast, the double junction exhibits a noticeable functional relationship for the more extreme conditions, while there is a significant amount of scatter occurring closer to the design point. This is due to the variation of environmental conditions at these UFs. The efficiency is, however, reduced for red light, as could be expected from the behaviour of the currents. The effect on the FF is of opposing sign to the effect on the currents, thus it is to some extent offset. However, this only indicates that the secondary spectral effect is not as strong as it would be without the influence of the voltages, and it does not dispute the importance of the primary spectral effect. which was removed before analysing the efficiency. The primary spectral effect is directly related to the efficiency, not considering this primary effect would increase the scaner in Fig. 7 The magnitude of spectral effects might appear to be small at first glance. They are, however, of the same order as the effects of temperature, irradiance and degradation. It appears from the above discussion that the seasonal variation in the performance can be described exclusively by spectral effects for Loughborough, UK. The device temperatures experienced here are below 65%. thus no significant annealing can be expected. Furthermore, the temperature effect for a-Si is known to be very small. The effect of the magnitude of irradiance will possibly be stronger, though apart from this the spectrum appears to be the most important factor. The importance and magnitude of the spectral effect can be seen when extracting the thermal coefficient of the efficiency of a device. These are sometimes reported to be positive 151, but most often the thermal coefficient is negative [6] f Fig. 8 . Perceived thermal coefficient of a double junction when using total and spectral irradiance.
There is an effect of the magnitude of the irradiance on the thermal coefficient, hence it is important to filter measurements to a relatively small bin. Here values between 950 and 1050 W/mZ are used. A trend line is fined and all values are presented with respect to the efficiency 0-7803-7471-1/02/%17.00 02002 IEEE at 25% in order to ensure comparability between the use of spectral and total i-radiance. When considering total irradiance only, the double junction exhibits a positive temperature coefficient. In contrast to this, the device shows a negative temperature coefficient when correcting for the primary spectral effect and using the spectrally useful irradiance only. This illustrates the importance of considering the incident spectrum in any kind of analysis. In the case of investigated devices it appears to be much more significant than the effect of the temperature.
CONCLUSIONS
The importance of primary spectral effects on the operation of a-Si single and double junction devices is apparent from this investigation. It is clearly shown that double junctions additionally exhibit a significant secondary spectral effect. This effect is important to keep in mind when designing multijunction devices. It can be expected from the above argument that triple junctions are even more prone to spectral variations. Thus a further increase in the number of junctions in one stack might not be desirable. It will increase the efficiency at the design point, i.e. under AM1.5 conditions, but may lead to a poor operational efficiency due to the constant changes in the spectrum.
Having shown the importance of these effects, an effort is now underway to model this behaviour and make these findings applicable to other locations.
